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Abstract—Islet-associated protein 2 (IA-2) and IA-2� are ma-
jor autoantigens in type 1 diabetes and transmembrane pro-
teins in dense core secretory vesicles (DCV) of neuroendo-
crine cells. The deletion of these genes results in a decrease
in insulin secretion. The present study was initiated to test
the hypothesis that this deletion not only affects the secre-
tion of insulin, but has a more global effect on neuroendo-
crine secretion that leads to disturbances in behavior and
learning. Measurement of neurotransmitters showed that
norepinephrine, dopamine and 5-HT were significantly de-
creased in the brain of double knockout (DKO) mice (P<0.05
to <0.001). In tests evaluating anxiety-like behavior and con-
ditioned-learning, the DKO mice showed a highly significant
increase in anxiety-like behavior (P<0.01 to <0.001) and im-
pairment of conditioned learning (P<0.01) as compared to
WT mice. The DKO mice also displayed an increase in spon-
taneous and induced seizures (P<0.01) and age-related
death. Contrary to the generally held view that IA-2 and IA-2�
are expressed exclusively in DCV, subcellular fractionation
studies revealed that IA-2�, but not IA-2, co-purifies with
fractions rich in synaptic vesicles (SV), and that the secretion
of dopamine, GABA and glutamate from the synaptosomes of
the DKO mice was significantly decreased as was the number
of SV (P<0.01). Taken together, these findings show that
IA-2� is present in both DCV and SV, and that the deletion of
IA-2/IA-2� has a global effect on the secretion of neurotrans-
mitters. The impairment of secretion leads to behavioral and
learning disturbances, seizures and reduced lifespan. Pub-
lished by Elsevier Ltd on behalf of IBRO.
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Islet-associated protein 2 (IA-2) and IA-2� are major au-
toantigens in type 1 diabetes (Lan et al., 1994, 1996; Lu et
al., 1996). About 70% of newly diagnosed patients have

autoantibodies to IA-2 and about 50% have autoantibodies
to IA-2�. These autoantibodies appear years before the
onset of clinical disease and in combination with autoanti-
bodies to two of the other major type 1 diabetes autoanti-
gens, glutamic acid decarboxylase and insulin, have be-
come predictive markers for this disease (Notkins and
Lernmark, 2001; Notkins, 2007). Population screening
studies have shown that subjects with autoantibodies to
two or more of these major autoantigens are at a 50% or
greater risk of developing type 1 diabetes within 5 years
and this information is being used to enter subjects into
therapeutic intervention trials (Notkins and Lernmark,
2001; Notkins, 2007; Achenbach et al., 2008).

Based on sequence, IA-2 and IA-2�, also known as
ICA512 and phogrin, respectively, are members of the
transmembrane protein tyrosine phosphatase (PTP) fam-
ily, but are enzymatically inactive on standard PTP sub-
strates because of two critical amino acid substitutions in
the PTP domain (Magistrelli et al., 1996). Both proteins
consist of an intracellular, transmembrane and luminal
domain. IA-2 is 979 and IA-2� is 986 amino acids in length.
Their intracellular domains are 74% identical, whereas
their luminal domains are only 26% identical. IA-2 and
IA-2� are located, respectively, on chromosomes 2q35
and 7q36, are encoded by 23 exons (Saeki et al., 2000;
Kubosaki et al., 2004) and are expressed in neuroendo-
crine cells (e.g., pancreatic islets, brain) throughout the
body (Solimena et al., 1996; Wasmeier and Hutton, 1996;
Roberts et al., 2001). Electron microscopic studies re-
vealed that both proteins are transmembrane proteins in
dense core secretory vesicles (DCV).

The mouse homologs of the IA-2 and IA-2� are similar
in almost all respects to their human counterparts. At the
protein level their intracellular domains are 98%–99%
identical to human IA-2 and IA-2� and in the mouse, the
genes are located on chromosomes 1 and 12, respectively
(Leiter et al., 1997). Recently, we succeeded in knocking
out the individual IA-2 and IA-2� genes and generated
double knockout (DKO) mice (Saeki et al., 2002; Kubosaki
et al., 2004, 2005). These DKO mice did not develop
diabetes but showed abnormal glucose tolerance tests,
impaired insulin secretion and a reduction in the insulin
content of beta cells. Further studies revealed that the
DKO females were infertile due to a decrease in the con-
centration of luteinizing hormone (LH) and follicular stimu-
lating hormone (FSH) in the pituitary and a decrease in the
LH surge that is required for ovulation (Kubosaki et al.,
2006). Since IA-2 and IA-2� are present in neuroendocrine
cells in the brain and the knockout of these two genes
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resulted in a decrease in the content and secretion of hor-
mones (i.e., insulin, FSH and LH), the present experiments
were initiated to determine whether the deletion of IA-2 and
IA-2� also would affect the content and secretion of neuro-
transmitters and, in turn, result in behavioral disturbances.

EXPERIMENTAL PROCEDURES

Mice

Targeted disruption of the individual IA-2 and IA-2� genes was
described previously (Saeki et al., 2002; Kubosaki et al., 2004, 2006).
In the current paper, 8th generation C57BL/6 IA-2�/� mice were
mated with 8th generation C57BL/6 IA-2��/� mice, and the double
heterozygous outcomes were interbred to generate: IA-2�/�/IA-
2��/�; IA-2�/�/IA-2��/�; and IA-2�/�/IA-2��/� mice. IA-2�/�/IA-
2��/� (WT) mice served as controls. Because female IA-2�/�/
IA-2��/� mice are infertile (Kubosaki et al., 2006), male IA-2�/�/
IA-2��/� mice were bred to female IA-2�/�/IA-2��/� mice to gener-
ate IA-2�/�/IA-2��/� (DKO) mice. All mice were genotyped be-
fore use and each mouse was bred, aged and analyzed in the
same facilities according to National Institutes of Health guide-
lines. Lights were on from 6:00 AM to 6:00 PM and food and
water were available ad libitum. Behavioral experiments were
generally conducted between 1:00 PM and 5:00 PM and each
animal was used only for one experiment. Approximately the
same number of male and female mice was used in each of the
behavioral experiments with little or no difference based on
gender. Predominantly male mice were used in the learning
experiments to avoid endocrine changes related to the estrous
cycle. All experimental procedures were conducted in accor-
dance with the Principles of Laboratory Animal Care, National
Institute of Health guidelines and with the approval of the
Institutional Animal Care and Use Committee.

Measurement of neurotransmitters

Whole mouse brains (12-week-old and 30-week-old) (except for
the cerebellum) were removed, rapidly frozen on dry ice, weighed,
and homogenized in a 5 ml of 0.1 M perchloric acid. Homogenates
were centrifuged for 10 min at 1500�g, supernatants were filtered
through a YM-10 �m centrifugal filter (Millipore, Bedford, MA,
USA) and analyzed for norepinephrine (NE), dopamine (DA),
serotonin (5-HT) by high-performance liquid chromatography
(HPLC) with electrochemical detection (Ito, 2000; Chen et al.,
2005). The HPLC system consisted of a gradient pump (Shimazu
SCL-10A and LC-10AD, Shimadzu Scientific Co., Columbia, MD,
USA), a detector (SPD-6AV, Shimadzu Scientific Co.) and a
Shimazu data processor (CR501, Shimadzu Scientific Co.). De-
tector potential at the analytical cell was set at �0.4 V. HPLC
analysis was performed on a C18 Spherisorb reverse phase col-
umn (5 �m pore size, 4.6 mm i.d., 25 cm long). The mobile phase
consisted of 0.1 M 1-octanesulfonic acid sodium salt and 10%
acetonitrile. The flow rate was 1 ml/min.

Open field test

An individual mouse (12-week-old and 30-week-old) was placed in
a novel environment (i.e., a square box measuring 30�40�30
cm), the floor of which was divided into squares (3�4 cm). Animal
behavior in the open field (12–16 mice per group) was recorded by
videotaping for 5 min and subsequently analyzed. Measurements
included exploratory activity (i.e., the time required for a mouse to
walk 30 cm), total distance traveled, the frequency of visits to
central area of the box, the frequency of rearings and walking
speed. For meaningful walking-speed measurements, only unin-
terrupted walking for �25 cm was used and 3 to 12 measure-
ments were averaged.

The tail suspension test (TST)

The TST test (eight to 10 mice per group, 4–6 months old) was
carried out essentially as described (Steru et al., 1985; Cryan et
al., 2004). Pargyline HCl, bupropion HCl and fluoxetine HCl were
obtained from Sigma (St. Louis, MO, USA), dissolved in saline and
injected i.p. in a volume at 0.2 ml (i.e., fluoxetine 20 mg/kg,
bupropion 20 mg/kg, pargyline 75 mg/kg). Thirty minutes later
after injection, mice were suspended by their tail from a metal rod
fixed about 50 cm above the surface of a table covered with soft
cloth in a soundproof room. The tip of the tail was fixed using
adhesive tape. The duration of the test was 6 min. The immobility
time was determined using a stopwatch and video recorded.

Height-fear task

The height fear task test (12 mice per group, 4–6 months old) was
carried out as reported previously, with slight modifications (Dere
et al., 2004). This test is based on mice having a natural fear of
heights. The natural response of mice placed on an elevated
platform is to step down. The latency of this response is positively
correlated with the height of the platform. White rectangle plat-
forms of different heights in an open field were used and mice
were placed on the platform. The mice received four trials (1.5,
3.0, 6.0 cm and 7.5 cm) with a 1 h interval between the trials. The
step-down latency in seconds was measured with a cutoff at
120 s. Animals were immediately removed after they stepped
down and returned to their home cages until the next trials.

Conditioned-taste aversion (CTA)

The experiment was carried out as described (Pennanen et al.,
2004). Animals, water-deprived in their home cage, were allowed
to drink water at a set time for a period of 20 min each day for 1
week. Animals (10 male mice per group, 8 weeks of age) then
were trained for 20 min daily for 4 days to drink plain water from
two pipettes (Med Associates, St. Albans, VT, USA), each con-
taining 10 ml of water. On day 5 (conditioning day), the animals
were allowed to drink water containing saccharine (0.1% w/v,
sodium salt) instead of plain water for 20 min. Fifteen minutes later
the mice were subjected to an aversive visceral event (i.p. injec-
tion of 0.15 M LiCl; 250 mg/kg body weight; control mice were
given 0.15 M NaCl). This aversive event (LiCl) gives a short period
of nausea and discomfort similar to a bad stomachache. One,
seven, and 14 days later the animals were presented with a choice
of two pipettes, one containing saccharine-flavored water and the
other containing plain water. The amount of each liquid consumed
in 20 min was recorded.

Olfactory conditioning test

The experiment was carried out as described (Brennan et al.,
1998). During the test period (5 days) mice (eight male mice per
group), 8 weeks of age, were placed on a restricted feeding
regimen in which a rodent diet was given once a day at a set time
for a period of 15 min. The “reinforcer” was a sugar cube. The
conditioned stimulus was an odorant, lemon or peppermint. The
trials consisted of placing a Petri dish containing either the lemon
odorant or peppermint odorant with a sugar cube in the center of
the cage for a period of 10 min. Each mouse received four
conditioning trails with lemon odorant and four with peppermint
odorant over 3 days. The order of the trials was random and
separated by approximately 25 min. One day after the last trial,
each mouse was placed in the middle compartment of a three-
compartment chamber (30�30�90 cm) with transparent Plexiglas
walls. The middle compartment was linked to the two end com-
partments by a 2�4 cm opening in the center of each wall. A dish
containing the lemon odorant, but without sugar, was placed in
one of the side compartment and a dish containing the peppermint
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odorant, but without sugar, was placed in the other side compart-
ment. Total time spent in the compartment containing the previous
conditioning odorant (e.g., peppermint) and reinforcer (sugar) was
compared to the total time spent in the compartment containing
the previous non-conditioning odorant (e.g. lemon) without rein-
forcer. Experiments were recorded by a handheld video recorder,
and time spent in each compartment was calculated.

Rotarod test

Motor coordination was evaluated using the accelerating rotarod
test (Model 7650; Ugo Basile, Comerio, Italy) (Lalonde et al.,
1995). The rotarod test was performed by placing a mouse on a
rotating drum and measuring the time each mouse was able to
maintain its balance on the rod. The speed of the rotarod accel-
erated from 4 to 40 rpm over a 5 min period. Twenty male mice (11
weeks old) were tested 10 times (5 min each) over the course of
1 week.

Seizure

Handling-induced seizure was observed using 20–30 DKO mice
per group. Each mouse was lifted from its cage and moved to a
new cage. The mice were observed for 2 min. Each mouse was
tested twice about 1 week apart. A mouse was considered to have
handling-induced seizures if it responded with at least one gen-
eralized seizure during the two tests. For drug induced seizure, 10
mice per group were used. Pentylenetetrazol (PTZ)-induced sei-
zures were evaluated in 4 to 8-month-old mice that were injected
intraperitoneally with PTZ at 40 mg/kg body weight and observed
for 10 min. Kainic acid (KA)–induced seizures were evaluated in 4
to 8-month-old mice that were injected intraperitoneally with KA at
20 mg/kg body weight and observed for 60 min. PTZ and KA were
obtained from Sigma. Saline-injected animals served as controls.
Observers were blind to genotype. Seizure severity was deter-
mined according to a previously defined 1–5 scale ranging from
immobility and rigid posture to generalized seizures and death
(Otani et al., 2006).

Western blotting

Mouse brains were homogenized in ice-cold lysis buffer containing
10 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% SDS,
0.5% nonidet P-40, and protease inhibitor mixture. Lysates were
centrifuged at 3000�g for 10 min to remove insoluble debris. Protein
concentrations in the supernatants were determined using Bradford
protein assay. The proteins in the extract (50 �g) were separated by
10% SDS-PAGE and transferred to nitrocellulose membrane. Mouse
anti-IA-2 (SK-1, 1:5000) and IA-2� (WT-4, 1:5000) monoclonal anti-
bodies provided by Dr. Takashi Onodera (Univ. of Tokyo, Tokyo,
Japan) were used as primary antibodies.

Subcellular fractionation

Subcellular fractionation of mouse forebrain was carried out as
previously described with slight modifications (Walch-Solimena et
al., 1993). Mouse brain was homogenized in 1 ml of 0.3 M su-
crose, 5 mM EDTA, and 5 mM Hepes–KOH, pH 7.2, in a glass-
Teflon homogenizer with 12 strokes. Homogenates were centri-
fuged at 10,000�g for 10 min at 4 °C to remove debris and the
supernatants were loaded on a linear sucrose gradient (0.6–1.8
M) and centrifuged at 100,000�g for 6 h in a SW41Ti rotor
(Beckman Coulter, Fullerton, CA, USA). Eighteen fractions of 0.75
ml each were collected from the top of the gradient and analyzed
by immunoblotting. Rabbit anti-secretogranin II polyclonal anti-
body (1:1000) (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and mouse anti-synaptophysin monoclonal antibody (1:1000)
(Chemicon, Temecula, CA, USA) were used as organelle mark-
ers.

Synaptosome fractionation and synaptic vesicle (SV)
purification

The purification of SV from mouse forebrain was carried out as
described previously (Huttner et al., 1983). In brief, 10 mouse
forebrains were homogenized in a glass–Teflon homogenizer in
ice-cold buffered sucrose (320 mM sucrose, 5 mM Hepes–NaOH
buffer, pH 7.4). The homogenates underwent three differential
centrifugation steps and the final supernatant designated LS 1
was centrifuged at 165,000�g for 2 h and the pellet (LP2) resus-
pended in 40 mM sucrose and layered on top of a linear sucrose
gradient (50–800 mM sucrose). Sucrose gradient centrifugation
was performed for 5 h at 65,000�g and the material banding at
200–400 mM sucrose was collected (SG-V).

Biotinylation of synaptosome surface proteins

Synaptosomes were prepared as described by Huttner et al.
(1983). Approximately 200 �g of the synaptosome preparations
were pelleted and resuspended in Krebs-Ringer bicarbonate
(KRB) buffer. For biotinylation, samples were incubated at 4 °C
with 1 mg/ml biotin-EZ link (Pierce Biotechnology, Rockford, IL,
USA) for 20 min. To remove and inactivate biotin residues, syn-
aptosomes were centrifuged and washed in phosphate-buffered
saline containing 50 mM glycine. Proteins were extracted in 140
mM KCl, 20 mM Hepes–KOH, (pH 7.4), 2 mM EDTA, and 1% v/v
Triton X-100 for 1 h. Triton insoluble material was removed by
centrifugation at 700�g for 3 min. The isolation of biotinylated
proteins was performed with streptavidin–sepharose (Pierce) at 4
°C overnight. Biotinylated proteins were subsequently analyzed
by SDS electrophoresis and Western blotting. Rabbit anti-HSP60
polyclonal antibody (1:500) was obtained from Santa Cruz; mouse
anti-SNAP-25 monoclonal antibody (1:1000) was obtained from
Covance (Berkeley, CA, USA).

Uptake of neurotransmitters by synaptosomes

The uptake of neurotransmitters by synaptosomes was deter-
mined as described with slight modifications (Fykse and Fonnum,
1988). Synaptosomes (80 �g protein in 100 �l) were preincubated
at 30 °C for 15 min in oxygenated KRB buffer. For the uptake of
neurotransmitters, 120 nM L-[H3] glutamate (0.5 �Ci), or 45 nM
[H3] GABA (1 �Ci) or 100 nM [H3] dopamine (0.5 �Ci) was
obtained from Amersham Biosciences (Piscataway, NJ, USA) and
were added to the synaptosomes. After incubation at 30 °C for 3
min, the reactions were terminated by dilution with an ice-cold
solution of 0.15 M KCl and filtered rapidly using a GF/C glass
membrane. After washing three times in KRB buffer, the radioac-
tivity remaining on the filters was determined in a liquid scintillation
counter.

Release of neurotransmitters from synaptosomes

The release of neurotransmitters from synaptosomes was deter-
mined as described previously with slight modifications (Turner
and Goldin, 1989; Linetska et al., 2003). Synaptosomes were
diluted with oxygenated KRB buffer (50 �g protein in 100 �l) and
preincubated at 30 °C for 15 min. Then radiolabeled glutamate
(0.5 �Ci) or GABA (1 �Ci) or dopamine (0.5 �Ci) was added for 10
min. The loading reaction was stopped by a centrifugation at
10,000�g for 1 min and the pellet resuspended with ice-cold
oxygenated KRB. The suspension was immediately used to study
the release of neurotransmitters. Samples were stimulated without
(basal) or with (evoked) 25 mM KCl for 6 min at 37 °C and rapidly
centrifuged at 10,000�g for 20 s at 4 °C. Aliquots of supernatants
and SDS-solubilized pellet were diluted with scintillation liquid
ACS (1.5 ml) and counted. Total radiolabeled GABA, glutamate or
dopamine in the synaptosomes was calculated as counts in the
supernatant plus counts in the pellet. The percentage of neuro-
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transmitter released was expressed as the amount in the super-
natant divided by the total amount in the synaptosomes (i.e.,
supernatant plus pellet) in the presence and absence of stimulat-
ing agent, 25 mM potassium chloride.

Hippocampal cell cultures

Primary neuronal cultures were prepared from the hippocampus
of 0 to 1-day-old mice. The dissociated cells were plated on glass
coverslips coated with poly-L-lysine at a density of about 50,000
cells per well in 12-well Falcon plate (Becton Dickinson, Sparks,
MD, USA). The cells were maintained in Neurobasal medium
(Gibco Invitrogen Corporation, Carlsbad, CA, USA) supplemented
with B27 (Gibco Invitrogen), and 2 mM glutamine for 2 weeks.
Samples were fixed with 4% paraformaldehyde in PBS, pre-
treated with 10% normal goat serum in PBS and then incubated
with primary and secondary antibodies. Rabbit anti-synapsin-I
polyclonal antibody (1:1000) was obtained from Abcam (Cam-
bridge, MA, USA), and goat antimouse IgG secondary antibody
(1:500) (Alexa Fluor 488) and goat antirabbit IgG secondary an-
tibody (1:500) (Alexa Fluor 568) from Invitrogen. After washing,
samples were preserved by mounting coverslips on slides with
Prolong gold antifade reagent (Invitrogen).

Immunohistochemistry

Ten-week-old WT and DKO mice were anesthetized and transcar-
dially perfused with PBS and then with 2% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4. The brains were removed, post-
fixed with the same buffer at 4 °C for 5 h, and cryoprotected by
immersion in 15% sucrose in PBS overnight at 4 °C. After em-
bedding in Tissue-tek OCT compound (Sakura Finetechnical, To-
kyo, Japan), the brains were frozen and sectioned sagittally or
coronally at a thickness of 14 �m. The sections were air dried for
1 h and rinsed in PBS three times. Samples were treated with 10%
normal goat serum in PBS and then incubated with primary and
secondary antibodies in the same buffer and rinsed in PBS. The
sections were then mounted with Prolong gold antifade reagent
(Invitrogen).

Electron microscopy

WT and DKO mice were deeply anesthetized and perfused for 15
min with freshly prepared 2% glutaraldehyde and 2% paraformal-
dehyde in 100 mM phosphate buffer, pH 7.4. Brains were re-
moved and placed in 2% glutaraldehyde overnight at 4 °C. Fol-
lowing dissection and postfixation for 1 h in 1% osmium tetroxide,
0.1 M phosphate buffer, the hippocampi were dehydrated using a
series of ethanol dilutions and were embedded in an Epon–
araldite mixture. Ultrathin sections were cut and stained with
uranyl and lead citrate. Ten separate electron micrographs (area

of 50 �m2) from each animal, prepared by Paragen Bioservices,
Baltimore, MD, USA, were analyzed without knowledge of geno-
type and the number of SV was counted.

Statistical analysis

Data were analyzed by Student’s t-test and two-way analysis of
variance (ANOVA) with repeated measures in rotarod test. All
data are expressed as the mean�SEM. A P-value of �0.05 was
considered statistically significant.

RESULTS

Expression of IA-2, IA-2� and neurotransmitters in
brain of WT and DKO mice

IA-2 and IA-2� are widely distributed in cells throughout
the brain. By immunofluorescence, both of these proteins
are found in the cerebral cortex, hippocampus, thalamus
and hypothalamus with somewhat wider expression of
IA-2� as compared to IA-2 in the cerebral cortex and
hippocampus (see Supplementary Fig. 1). In contrast to
WT mice, DKO mice do not express either of these pro-
teins as determined by immunofluorescence (see Supple-
mentary Fig. 1) or Western blot (Fig. 1A).

To see whether the deletion of IA-2/IA-2� had any
effect on neurotransmitters, brain homogenates were an-
alyzed by HPLC (Fig. 1B). At 12 weeks after birth, the level
of norepinephrine, dopamine and 5-HT in DKO as com-
pared to WT mice was decreased by 23.5%, 50.5%, and
37.0%, respectively. At 30 weeks, the decrease was
19.6%, 34.2%, and 60.9%, respectively. Thus, the deletion
of IA-2/IA-2� has a substantial effect on the level of a
number of neurotransmitters in the brain.

Physical examination of DKO mice

Physical examination (Crawley, 2000) of the DKO mice
revealed normal appearing animals with no gross abnor-
mality: body position and gait were normal as was walking
speed (Fig. 2A). Heart rate, respirations and body weight
similarly were normal. In a battery of neurological reflex
tests including righting and corneal reflexes no significant
differences were found between the WT and DKO mice,
except the DKO appeared somewhat less active than the
WT mice.

Fig. 1. Decreased neurotransmitters in brain of DKO mice. (A) Western blot of whole brain showing expression of IA-2 and IA-2� in WT, but not DKO
mice. (B) Concentration of norepinephrine, dopamine and 5-HT in the brain of WT and DKO mice at 12 and 30 weeks of age as determined by HPLC.
Each group represents six mice. Data are expressed as mean�SEM. * P�0.05, ** P�0.01, *** P�0.001. WT mice (open bars); DKO mice (closed
bars).
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Anxiety-like behavior in DKO mice

To see if the deletion of IA-2/IA-2� had any effect on
behavior, WT and DKO mice were evaluated in an open
field test. Because this test places an animal in a novel
environment imposing a conflict between an innate desire
to explore versus safety, it is used as a surrogate for
anxiety-like behavior. The DKO mice showed a highly
significant increase in the time required for them to begin
exploratory activity (Fig. 2B) at both 12 and 30 weeks of
age as compared to the WT mice. In addition the frequency
of rearing (standing on two feet to look at the surroundings)
(Fig. 2C), total distance traveled (Fig. 2D) and frequency of
visits to central area of cage (Fig. 2E) were all significantly
reduced.

Further evaluation of anxiety-like behavior was ob-
tained with the height-fear test, which measures the length
of time (latency) to step down from increasingly high plat-

forms on which the mouse is placed (Fig. 2F). At 1.5 and
3.0 cm there was no significant difference between the
DKO and WT mice, but at 6.0 and 7.5 cm there was a
marked increase in the latency of descent, requiring two to
three times as long for the DKO as the WT mice to step
down.

Conditioned learning in DKO mice

To evaluate the effect of the knockout of IA-2 and IA-2�,
the CTA test was used. During the training period DKO and
WT consumed the same volume of water (Fig. 3A) and
both showed an equally strong preference for saccharine-
flavored water (Fig. 3B) indicating that taste and ability to
consume fluid were not impaired in the DKO mice. In the
conditioning phase, mice were given saccharine-flavored
water, followed by an i.p. injection of LiCl which causes

Fig. 2. Behavioral changes in open field (A–E) and height-fear (F) tests in DKO mice. (A) The average walking speed of WT and DKO mice was
similar. (B) Exploratory activity was significantly delayed as determined by the time required to leave a fixed spot in the center of the cage. (C) DKO
mice show reduced frequency of rearings. (D) DKO mice show reduced travel distance. (E) DKO mice show reduced number of visits to the center
area of a cage. (F) Latency (seconds) to step down from elevated platforms of different heights in the height-fear test. Open and closed bars represent
WT and DKO mice, respectively. Bars show mean�SEM, 12 to 16 mice per group, * P�0.05, ** P�0.01, *** P�0.001 (DKO mice vs. WT mice).
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abdominal discomfort. At different times thereafter the
mice were given a choice of saccharine-flavored or plain
water. As seen in Fig. 3C, 1 day after exposure to the
conditioning stimulus, less than 5% of the water consumed
by the WT mice was saccharine-flavored as compared to
22.7% for the DKO. At 7 and 14 days after the conditioning
stimulus 7.5% and 19.4%, respectively, of the water con-
sumed by the WT mice was saccharine-flavored as com-
pared to 72.4% and 89.9%, respectively, for the DKO mice
indicating highly accelerated extinction of conditioned
learning.

In the olfactory conditioning test an odorant (lemon or
peppermint) was placed in a dish in the conditioning cage
with a sugar cube. After conditioning (a total of eight trials),
animals were placed in the central compartment of a three
compartment interconnected cage in which the condition-
ing odorant (but without a sugar cube) was placed in one of
the side-compartments and the non-conditioning odorant
(also without a sugar cube) was placed in the other side-
compartment. The amount of time that the mouse spent

exploring each compartment was determined. As seen in
Fig. 3D, whereas the WT mouse spent nearly four times as
long in the compartment with the odorant previously asso-
ciated with the sugar cube, the DKO mouse spent an equal
amount of time in the two side-compartments demonstrat-
ing a lack of place-preference learning for the conditioning
stimulus.

Motor learning was evaluated by the rotarod test which
measures the length of time that a mouse can remain on a
rotating drum and its capacity to learn motor coordination
upon repeated trials (Fig. 3E). The latency to fall for DKO
mice on the first trial was 27�5 s, whereas for WT mice it
was a 105�12 s indicating a possible coordination prob-
lem. However, upon repeated trials, the DKO mice learned
how to maintain their balance and the latency to fall was
increased to approximately 232�17 s nearly reaching the
latency of fall (288�4 s) observed in the WT mice. These
findings argue that the DKO mice may suffer from some
impairment of coordination, but maintain much of their
motor learning ability.

Fig. 3. Conditioned learning in DKO mice as evaluated by taste aversion, olfactory-place preference and rotarod-latency to fall. (A) Prior to
conditioning WT and DKO mice consumed the same amount of water (10 mice per group). (B) Both preferred saccharine-flavored over plain water
(10 mice per group). (C) After conditioning (linking the saccharine-flavored water with LiCl which caused abdominal discomfort) the WT mice preferred
plain water for the 14 days of the experiment, whereas the DKO mice showed accelerated extinction of learning and rapidly resumed their preference
for saccharine-flavored water (10 mice per group). Open and closed circles represent WT and DKO mice, respectively. (D) Behavioral preference for
conditioning versus non-conditioning odorant (eight mice per group). WT mice spent significantly more time than DKO mice in the compartment
containing the conditioning odorant (stripped bar) as compared to the compartment containing the non-conditioning odorant (dotted bar). (E) Motor
learning as evaluated by latency to fall in the rotarod test (20 mice per group). Both the WT and DKO mice improved performance with increase in
training, but the response of the DKO mice never reached that of the WT mice. Rotarod data, analyzed with a two-way ANOVA, revealed a significant
main effect of genotype (P�0.01) and a significant main effect of trial (P�0.0001), but no genotype effect by trial interaction (P�0.33). Open and
closed circles represent WT and DKO mice, respectively. Data points and bars represent mean�SEM. ** P�0.01, *** P�0.001.
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Spontaneous and induced seizures and sudden
death in DKO mice

Up to about 12 weeks of age handling the DKO mice rarely
induced seizures. However, with increasing age, handling-
induced seizures increased from about 10% at 13–30
weeks of age to nearly 60% at 50–80 weeks of age (Fig.
4A). The seizures were characterized by facial twitching
and myoclonic jerks followed shortly thereafter by gener-
alized clonic–tonic seizures and loss of posture. Most of
the animals recovered within several minutes and resumed
a standing position.

To see if the DKO mice were more susceptible to
drug-induced seizures, 9 to 12-week-old mice were in-
jected with PTZ, a GABA receptor antagonist, before the
onset of handling-induced seizures. DKO mice showed an
increased susceptibility to PTZ-induced seizures as dem-
onstrated by a shorter latency to first fall (225 s) as com-
pared to the WT mice (525 s) (Fig. 4B). Similarly, the DKO
mice were more susceptible to KA as shown by the sever-
ity of seizures based on a 1–5 scale (Otani et al., 2006)
(Fig. 4C). Approximately 80% of the DKO mice died within
2 h after 20 mg/kg KA injection, whereas all the WT mice
survived. Moreover, injections of KA, which is particularly
toxic to neurons in the hippocampus, produced more se-
vere neuronal degeneration in the DKO than in the WT

mice as characterized by the loss of neurons and pyknotic
nuclei (data not shown).

The KO of IA-2/IA-2� also resulted in a significantly
shorter lifespan. Up to 40 weeks of age none of the WT
mice died, whereas approximately 50% of the DKO mice
died during that time period (Fig. 4D). The deaths were
sudden. Animals appearing perfectly normal at the end of
the day were found dead the next morning. Although death
following spontaneous seizures was not observed, sei-
zures appear to be a likely explanation for the sudden
deaths.

IA-2� colocalized with SV

IA-2 and IA-2� are transmembrane proteins of DCV. There
is very little information about the relationship of these two
proteins to SV. The fact that deletion of IA-2/IA-2� resulted
in a decrease in the levels of norepinephrine, dopamine
and 5-HT (Fig. 1B) and also resulted in behavioral, learn-
ing and neurological abnormalities suggested that some of
these changes might be related to alterations in SV. To see
if IA-2 or IA-2� colocalized with SV, brain homogenates
were subjected to sucrose gradient fractionation. Fig. 5A
shows a different distribution for IA-2 and IA-2�. Both of
these proteins were found in the fractions associated with
the DCV marker, secretogranin II, whereas IA-2�, but not

Fig. 4. Increase in spontaneous and induced seizures and shortened lifespan in DKO mice. (A) Frequency of handling-induced seizure increases with
age in DKO mice (20–30 animals per group). (B) Latency in seconds for the development of PTZ-induced seizures (40 mg/kg body weight) as
evaluated by loss of posture (10 mice per group). (C) Severity of KA induced seizures (20 mg/kg body weight) (10 mice per group). (D) Survival of
WT (28 untreated, open circles) and DKO (31 untreated, closed circles) mice. Bars represent mean�SEM. ** P�0.01.
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IA-2, was found in fractions associated with the SV marker,
synaptophysin. A similar distribution was found upon su-
crose gradient fractionation of PC12 cells (data not
shown).

Subcellular fractions enriched for SV also showed that
IA-2� colocalizes with SV (see Supplementary Fig. 2).
Fractions sequentially enriched in SV (e.g. SG-V) con-
tained primarily IA-2� and little or only trace amounts of
IA-2. Further evidence for the presence of IA-2� in SV
comes from biotinylating proteins on the surface of synap-
tosomes and from separating intracellular non-biotinylated
proteins from biotinylated surface proteins. By Western
blot, with antibodies to the luminal domain of IA-2� and to
SNAP-25 (Fig. 5B), both IA-2� and SNAP-25 were found
both on the surface of the synaptosomes (biotinylated)
and within synaptosomes (i.e., cytosolic, non-biotinyl-
ated). That the surface expression of IA-2� was not the
result of contamination with cytosolic proteins was demon-
strated by the absence of HSP60 in the biotinylated sur-
face fraction. Moreover, IA-2 was not found on the surface
of the synaptosomes and only trace amounts were found
within the cytosolic fraction of the synaptosomes. These
findings suggest that when SV fuse with the surface of the

synaptosome, the luminal domain of IA-2� becomes ex-
posed. In other experiments, primary neuronal cultures
from the hippocampus were immunostained with antibod-
ies to IA-2� and synapsin I, a marker for SV (Fig. 5C). Both
antibodies produced a speckled pattern that colocalized
when the images were merged.

Functional analysis of synaptosomes from DKO mice

No difference was found in the uptake of radiolabeled
dopamine, GABA or glutamate (Fig. 6A) by synaptosomes
prepared from DKO as compared to WT mice. Moreover,
no difference was found in the release of dopamine, GABA
or glutamate under basal conditions when the synapto-
somes of the DKO mice were compared to those of the WT
mice (Fig. 6B). However, upon stimulation with K� there
was a significant decrease ranging from 20.3% to 26.7% in
the fractional release of all three neurotransmitters from
the synaptosomes of the DKO mice. Electron microscopic
studies on tissue secretions from the hippocampus re-
vealed normal appearing synapses (not shown), but ap-
proximately a 60% decrease in the number of SV (Fig. 6C).

Fig. 5. Distribution of IA-2 and IA-2� in SV and DCV. (A) Homogenized brain lysates were fractionated on a 0.6–1.8 M sucrose gradient and analyzed
by immunoblotting with antibodies to IA-2, IA-2�, synaptophysin and secretogranin (II) (B) Biotinylated labeling of cell surface proteins, followed by
separation from the non-biotinylated cytosolic proteins by avidin-coated beads. Western blot shows that IA-2�, but not IA-2, is expressed on the
surface of the synaptosomes. Surface biotinylation of HSP60 was not observed, indicating that synaptosomal damage and contamination of proteins
from the cytoplasm did not occur. (C) Colocalization of IA-2� and synapsin 1 in cultured primary neurons from the hippocampus.
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Effect of neuropharmacologic agents on behavior

To determine whether neuro-pharmacologic agents could
reverse some of the behavioral abnormalities found in the
DKO mice, the TST was used. In this test rodents become
immobile in aversive situations from which they cannot
escape. As seen in Fig. 6D, the DKO mice treated with
saline remained immobile considerably longer (225 s) than
the WT mice also treated with saline (150 s). Many anti-
depression drugs are known to reduce immobility time in
the TST test (Cryan et al., 2004). Treatment of WT mice
with fluoxetine, bupropion or pargyline, as expected, mark-
edly reduced immobility from 150 s (saline control) to
between 25 and 50 s. Treatment of DKO mice with fluox-
etine and bupropion, but not pargyline, reduced immobility
from 225 s (saline control) to about 125 s. This is within the
time range of the untreated WT saline controls, but does
not approach the reduction in immobility seen when fluox-
etine and bupropion were used to treat WT mice.

DISCUSSION

Considerable new information has accumulated over the
last few years on the function of IA-2 and IA-2� (Ha-

rashima et al., 2005, 2007; Mziaut et al., 2006). Both are
transmembrane DCV proteins. The knockout of IA-2 re-
sults in a decrease in the number and content of DCV and
the amount of insulin secreted (Saeki et al., 2002; Ku-
bosaki et al., 2004, 2005; Harashima et al., 2005, 2007;
Mziaut et al., 2006). The knockdown of IA-2 with siRNA in
MIN-6 cells also results in a decrease in the secretion of
insulin (Harashima et al., 2005). In contrast, overexpres-
sion of IA-2 increases by over twofold the number of DCV
and by four- to sixfold the amount of insulin secreted.
Overexpression also increases the half-life of DCV by
almost twofold (i.e., from 22 to 40 h) suggesting that the
degree of expression of IA-2 influences the stability of DCV
and this in turn modulates the number of DCV, their con-
tent and secretion (Harashima et al., 2005). Less is known
about IA-2�, but its knockout in mice also results in a
decrease in the secretion of insulin (Kubosaki et al., 2004)
and its knockdown with siRNA in MIN6 and PC12 cells
decreases, respectively, the secretion of insulin and dopa-
mine (Nishimura et al., unpublished observations).

Earlier studies from our laboratory showed that abnor-
malities in secretion were more pronounced in DKO than
single knockout (SKO) mice and that certain abnormalities

Fig. 6. Decreased secretion of neurotransmitters from synaptosomes of DKO mice. (A) Uptake of [H3]dopamine, [H3]GABA and [H3]glutamate by
synaptosomes of DKO mice as percentage of uptake by WT mice. Data are mean�SEM from three separate experiments performed in triplicate. (B)
Basal and K�-induced (25 mM) release of [H3]dopamine, [H3]GABA, and [H3]glutamate from synaptosomes of WT and DKO mice. The amount of
radiolabeled neurotransmitter released, expressed as percentage of total radiolabeled neurotransmitter, is shown. Values are mean�SEM from three
separate experiments performed in triplicate; ** P�0.01. Open and closed bars represent WT and DKO mice, respectively. (C) Quantification of SV
from 10 areas of hippocampus each representing 50 �m2. *** P�0.001. (D) Effect of neuropharmacologic agents on reducing the increased
anxiety-like behavior in DKO mice (saline) as compared to WT mice, as measured by the decrease in immobility time in the TST (eight to 10 mice per
group) (§). Untreated (saline) DKO mice differ significantly from untreated (saline) WT mice (P�0.001) (†). Treated (i.e., fluoxetine 20 mg/kg, bupropion
20 mg/kg, pargyline 75 mg/kg) WT mice differ significantly from untreated (saline) WT mice (P�0.001) (#). Fluoxetine- and bupropion-treated DKO
mice differ significantly from untreated (saline) DKO mice (P�0.001) (&). Treated DKO mice differ significantly from treated WT mice (P�0.001).
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not observed in SKO were observed in DKO mice such as
female infertility (Kubosaki et al., 2006). Since our initial
behavioral studies also revealed few if any abnormalities in
IA-2 or IA-2� SKO mice, but substantial changes in IA-2/
IA-2� DKO mice, we restricted our current studies to the
DKO mice. Previously it was thought that IA-2 and IA-2�
were present only in DCV. The findings reported here
show that IA-2�, but not to any appreciable degree IA-2,
also is present in SV and that the knockout of both of these
genes results in a decrease in the concentration of neuro-
transmitters (e.g., norepinephrine, dopamine and 5-HT) in
the brain. The presence of IA-2� in SV is further supported
in the current study by the decrease in K�-induced secre-
tion of radiolabeled dopamine, GABA and glutamate from
the synaptosomes of DKO as compared to WT mice. From
these and other studies we conclude that IA-2 and IA-2�
are widely distributed in neuroendocrine cells throughout
the body, that they may have an additive, but not neces-
sarily identical, function and that their deletion has a global
effect on neuroendocrine secretion.

This global effect on secretion is by far the most likely
explanation for the behavioral, learning and neurological
disturbances observed in the DKO mice. Many different
genes and neurotransmitters are involved in these com-
plex functions. Because of the global effect of the knockout
on neuroendocrine secretion, precisely which neurotrans-
mitter or combination of neurotransmitters is responsible
for each of the observed disturbances remains unresolved.
Some answers, however, may come from treating DKO
mice with neuropharmacological agents that have a known
function. For example, in our study, bupropion (Martin et
al., 1990), a monoamine reuptake inhibitor, and fluoxetine
(Delgado et al., 1999), a selective 5-HT reuptake inhibitor,
but not pargyline, a monoamine oxidase inhibitor, were
effective in reducing the increased anxiety-like behavior
observed in the DKO mice. The fact that the reduction in
anxiety-like behavior in the DKO mice was not as great as
that observed in the WT mice is most likely due to the
decrease in the number and cargo content of the DCV and
SV in DKO mice. In the future it should be possible to
obtain more precise information on these behavioral and
neurological abnormalities by electrophysiological studies
and by conditionally knocking out IA-2 and/or IA-2�. It
should be emphasized that at the present time there is no
evidence that the autoantibodies to IA-2 and/or IA-2�
found in type 1 diabetes are responsible for any of the
neuroendocrine or behavioral changes observed in the
human disease.

The demonstration here that the K�-induced secretion
of neurotransmitters including GABA from the synapto-
somes of the DKO mice is impaired could be at least one
of explanations for the handling-induced seizures and the
seizures induced by low doses of KA and PTZ. Targeted
deletion of glutamic acid decarboxylase which synthesize
GABA in the brain (Kash et al., 1997) or overexpression of
the GABA transporter which decreases the concentration
of extracellular GABA (Zhao et al., 2003) has been shown
to induce seizures. Seizures would appear to be the best
explanation for the high frequency of sudden deaths in the

DKO mice. Although no evidence of histopathology was
found in the brains of the DKO mice, this is not an uncom-
mon finding in seizures.

Based on the impaired secretion, it would be surprising if
the global knockout of IA-2/IA-2� did not result in a number of
other still-unrecognized abnormalities. In this context, it would
be of particular interest to know whether the knockout of
IA-2/IA-2� decreases the content and/or release of neuro-
transmitters not only from the brain, but also from other
peripheral organs containing neuroendocrine cells (e.g.,
adrenals, thyroid, thymus). Ongoing experiments on DKO
mice are showing profound changes in the diurnal variation
of blood pressure, heart rate and temperature (Kim et al.,
unpublished observations). Thus, the IA-2/IA-2� DKO
mouse offers a rich variety of phenotypes that might be
useful not only in identifying new hormones/neurotransmit-
ters, but also for systematically studying the therapeutic
efficacy of drugs on these various abnormalities. Several
hundred proteins now are known to be associated with
DCV and SV, some of which are structural (transmem-
brane) proteins (Takamori et al., 2006). Our findings with
IA-2/IA-2� thus raise the possibility that at the human level,
mutations in one or more of these secretory vesicle struc-
tural proteins also might result in a decrease in the secre-
tion of hormones and neurotransmitters and this, in turn,
could lead to affective disorders.
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the online version, at doi: 10.1016/j.neuroscience.2009.01.022.
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